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A study of Co3+ spin state properties in LaCoO3 by strong magnetic field 
―Field induced spin-state transition and element substitution effect― 
 
Keisuke Sato 
 
Abstract 
 
 The magnetic and electrical properties of lanthanum cobalt oxide, LaCoO3, have been widely 
studied over the past 50 years in connection with the spin-state transition of Co3+ ions. The 
ground state of Co3+ ions in LaCoO3 are in the nonmagnetic low-spin (S = 0) state. However, the 
character of the thermally excited magnetic state remains yet controversial. In the present study, 
we found a magnetic transition at around 60 T in high-field magnetization measurements at 4.2 
K of LaCoO3. This field coincides with that at which one of the magnetic sublevels of the triplet 
crosses the low-spin ground state in the magnetic phase diagram deduced from the electron spin 
resonance measurements. However, the increment of the magnetization at the transition is about 
0.55 µB/Co, which means that the only 15% of the total number of Co ions changes to the 
magnetic state. We also found that the rest of the Co ions also contribute to the magnetization, 
which is a maximum at around 100 K. We propose the coexistence of high-spin (S = 2) and 
intermediate-spin (S = 1) states in LaCoO3. Our picture of the spin-state transition in LaCoO3 is 
as follows. At the lowest temperature, all the Co3+ ions are in the low-spin ground state. As the 
temperature increases, some of the Co3+ ions are thermally excited to the high-spin state. Due to 
the strong repulsive interaction among the high-spin Co3+ ions, they remain at a distance from 
each other, and as a result the number of Co3+ ions excited from the low-spin to high-spin states 
is limited. With a further increase of the temperature, Co3+ ions remaining in the low-spin state 
are thermally excited to the intermediate spin state. In study of impurity-induced spin-state 
response, we found that the exciting energy of the high-spin state depends on the lattice volume 
and hole-doping induces a formation of spin-polaron. Furthermore, our spin-state transition 
model, in which high-spin and intermediate-spin states coexist, reproduces the observed volume 
magnetostriction. Finally, we found a possibility of engineering domain control by the magnetic 
field through the magnetostriction. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
LaCoO3におけるCo3+スピン状態の強磁場物性による研究 
―磁場誘起スピン転移と元素置換効果― 
 
佐藤桂輔 
 
概要 
 
 LaCoO3では，低温で非磁性状態にある Co3+イオンが，温度上昇と共に磁性ス
ピン状態に励起されることが知られているが，その磁性スピン状態が不明であ
る．本研究では，強磁場により低温における磁場誘起のスピン転移を明らかに
し，その結果から LaCoO3のスピン転移について，以下の描像を得た．最低温度
ですべて非磁性（S = 0）である Co3+イオンは，温度上昇と共に 30 K近傍で約 15%
の Coイオンが高スピン状態（S = 2）由来の 3重項に転移をし，さらに 100 K近
傍で残りの Coイオンが中間スピン状態（S = 1）へ転移をする．高温における非
一様なスピン状態は高スピン状態間の強い反発力に起因する．さらに LaCoO3
の元素置換効果により，磁性スピン状態の励起エネルギーを決める要因，及び，
ホール導入によるスピンポーラロン形成を明らかにした． 一方で，本研究では
LaCoO3の強磁場中磁歪を明らかにし，強磁性を示す La1-xSrxCoO3では，磁歪を
通して磁場による双晶制御が可能であるという工学的展開の可能性を示した． 
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1.1: Structure of a perovskite.
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1.2: A schematic diagram of the rhombohedral unit cell, showing a rotation of the oxy-
gen octahedron. aR and αR show the lattice constant of rhombohedral crystal structure.
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R3¯c 1.2 CoO6 <111>
<111> CoO6
LaCoO3
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1.3: Temperature dependence of the lattice paramters of LaCoO3 [31].
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900 K 650 K
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1.1
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1.4: Composition dependences of the
(a) lattice constant, (b) angle, and
(c) volume for two chemical formula
units of La1−xMxCoO3 with M =
Ca and Sr [32].
1.5: Lattice constants of LaCo1−xMxO3:
, M = Al; , M = Ga; , M =
Rh [23].
1.1: Ionic radius [33].
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1.6: M ion in the cubic crystalline field by
ligands O.
1.7: Splitting of 3d orbitals.
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1.8: Schematic representation of eg and t2g orbitals.
1.9: Spin state of 3d6.
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1.10: Temperature dependence of the magnetic susceptibility and electrical resistivity
of LaCoO3 [4].
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1.11: Temperature dependence of the paramagnetic scattering intensity at (1.07,0,0)
[39].
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1.12: (a)The total energies for various spin state of LaCoO3 relative to the LS state.
(b) Spin and orbital ordering in an orbital-ordered intermideate spin state [6].
K [12] [13]
16
1.13: The valence band X-ray photoemis-
sion spectra of LaCoO3 [8]. The cal-
culated valence-band spectra (solid
lines) are compared with the exper-
imental spectra (dots). Dotted lines
are the calculated Co 3d and dashed
lines are simulation of the O 2p par-
tial density of states (DOS) taken
from the He I spectrum of LaCoO3
(a) or the calculated O 2p partial
DOS (b).
1.14: Temperature dependence of the
magnetic susceptibility [8].
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1.15: Temperature dependence of the lattice volume [4].
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1.16: Schematic representation of ∆ and J .
1.17: Schematic representation of various Co3+ configurations in low, intermediate,
and high-spin states.
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1.18: ∆ dependence of the energies for the various Co3+ configurations.
1.19: Schematic representation of σ. Blue circle represents a hole.
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1.20: Schematic representation of various Co3+ 3d and O2− 2p configurations in low,
intermediate, and high-spin states.
1.21: Hopping energy σ dependence of the energies for the various spin states.
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1.22: Temperature dependence of the optical phonon spectra [43].
1.23: (a) The profile of a 10 2 8 reflection at 60 K. The Miller indices refer to the
double cubic unit cell. The two rhombohedral fractions split further into three peaks
representing the monoclinic twins and are labeled as a, b, c and d, e, f, respectively. (b)
Temperature dependence of the splitting of 400 reflection [14].
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(a)
(b)
1.24: (a) Temperature dependence of the Raman spectra of LaCoO3. (b) Temperature
dependence of the phonon energies [15].
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1.25: ESR spectra of LaCoO3 at various
temperatures [16].
1.26: Energy level scheme of LaCoO3
[16].
1.27: Calculated low-energy electronic structure of the Co3+ ion in LaCoO3 originating
from the 5T2g cubic subterms with the
1A1 ground term. Such the structure is produced
by the dominant octahedral crystal field and the (b) intra-atomic spin-orbit coupling. (c)
shows the splitting produced by the trigonal distortion. The states are labeled by the
degeneracy, the magnetic moment, and the energy with respect to the lowest state of the
5D term [18].
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1.28: Temperature evolution of the in-
elastic neutron scattering profiles
measured in LaCoO3 [17].
1.29: The magnetic inelastic scattering
at 50 K in 0 T (circles) and 6 T
(squares) applied field [17].
1.30: (a) Magnetic susceptibility, (b)
heat capacity, (c) net excitation
energy, and (d) fraction of Co ions
in the high-spin excited state [19].
1.31: Proposed arrangement of excited
Co ions in the low-spin matrix.
High-spin Co ions are located as
far apart as possible [19].
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2.1: (a) Conceptual diagram of single crystal growth by a floating zone method. (b)
Picture of infrared-concentrated oven.
2.2: Laue photograph of (a) (100)c, (b) (110)c, and (c) (111)c of La0.9Sr0.1CoO3.
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( 2.3(a)) 6ms 67 T
( 2.3(b))
Cu NbTi
10 14
(14 24mm)
2.4
200 kJ 900 kJ
n
S V V = −nSdB/dt
2.3: (a) Winding magnet. (b) Time evolutions of magnetic field.
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2.4: (a) Picture of winding magnet. (b) Magnet after wired electrodes.
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2.5: System of the magnetization measurement.
2.6: Picture of the pick-up coil.
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2.7: (a) Sample holder, (b) circuit for a capacitance bridge and (c) conceptual diagram
of the magnetostriction measurement.
2.8: Picture of sample holders for the magnetostriction measurements.
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2.9: Longitudinal magnetostriction of polycrystalline Ni at (a) 100 K and (b) 270 K.
Ni 2.9
Ni 100 K;-32×10−6,
270 K;-26×10−6 [48] 1
1 [100] [111] λ100 λ111
λpoly = 25λ100+
3
5λ111 [48] Ni λ100 = −46×10−6, λ111 =−24× 10−6 [48] λpoly = −33× 10−6
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3 LaCoO3
3.1
Noguchi [16] ESR ∆= 140 K g = 3.35
S = 1 3 m = 1
65 T 65 T
3.1 4.2 K
Noguchi [16]
∆= 140 K g = 3.35 65 T
3.4µB/Co Saitoh [8] ∆=
267 K g = 2 190 T 2.0µB/Co
LaCoO3
67 T LaCoO3
60 T
0.55µB/Co
ESR g = 3.35
15% 15% Co
Co 60 T
100 K
LaCoO3 Co
3+ 2 Co
39
220200180160140120100806040200
 
0H (T)
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0
M
ag
ne
tiz
at
io
n 
(µ
B
/f.
u.
)
LS-HS
LS-IS
3.1: Calculated magnetization curve of LaCoO3 at 4.2 K assuming low-spin to high-spin
states transition (LS-HS) and low-spin to intermediate-spin states transition (LS-IS).
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3.2: High field magnetization of a single and powdered crystals of LaCoO3 at 4.2 K.
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3.3: Magnetization curves of the powdered crystal at different temperatures. Dot
dashed lines represent the calculated magnetizations according to eq. (3.4) superimposed
on µ0χpH. Inset: Temperature dependence of the magnetization at 67 T.
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1.3 K 4.2 K Co S=0 S=1
ESR [16]
15% Co
p Co CoI
Es x1m
E0 = 0, (3.1)
E1m = ∆1 − gµBmH, (3.2)
x1m = p
η exp(−E1m/kBT )
Z
, (3.3)
∆1 Z exp(−E0/kBT )+ η∑m=S
m=−S exp(−E1m/kBT ) η MI
MI = gµB
m=S∑
m=−S
mx1m. (3.4)
MI
1µ0χpH 4.2 K
ESR [16] g = 3.35 η = 1 ∆1 =
135 K ± 5 K, p = 0.14 ± 0.01 E0 E1m
3.4 µ0Hc ∼= 60 T
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Noguchi [16] ESR 1.26 3.4
D 3.2
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1van Vleck
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3.4: Energy level scheme of CoI and CoII in LaCoO3.
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[21, 42, 45] 59Co
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3.3 (g = 3.35, p = 0.14 ∆1 = 135 K)
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[4, 51] A
7 T 3.5
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CoI Co 100 K
CoI Co CoII CoII
S=0 S=1
CoI CoII E
′
s, x
′
1m MII
E ′1m = ∆
′
1 − g′µBmH, (3.5)
x′1m = (1− p)
η′ exp(−E ′1m/kBT )
Z
, (3.6)
MII = g
′µB
m=S∑
m=−S
mx′1m. (3.7)
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LaCoO3
M = MI +MII (3.8)
g′, ∆′1 η
′ η′ [8, 10] 1
3 η′ = 3 g′ = 1.6, ∆′1 = 320 K
g Co 2.18 [52] η′ =
1 3.5 (a) g′ = 1.9 ∆′1 = 250 K
g η′ = 1
g η′ = 3 η′ = 1
CoII CoI
Mp(T ) 30 K 300 K
Mp(T )
g′ ∆′1 [111]c
3.5 (b) p = 0.08, g′ = 2.0 ∆′1 = 220 K
[8,10,16,19] 3.1 ESR
[16] ∆= 140 K g = 3.35 CoI
. CoII ESR
[8,10,19] CoI CoII
3.1: Parameters for the excited magnetic spin state. ∆: energy, η: orbital degeneracy,
g: g-factor, and p: fraction.
∆ (K) η g p note 1
present CoI 135 1 3.35 0.08-0.14 M
CoII 220-250 1 1.9-2.0 0.86-0.92 M
ref. [16] 140 1 3.35 ESR
ref. [8] 267 3 2 M
ref. [10] 180 1 2.1 M
ref. [19] 200 ∼ 900 1 3.35 M, SH
1 M: Magnetization, SH: Specific heat
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3.5: Temperature dependence of the magnetization in µ0H = 7 T of (a) powder and
(b) single crystal. The parameters of the calculated magnetizations are shown in Table I.
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CoI 3.2
3.5 ,
30 K Mp(T )
Harada [53] 30 K
Mp(T ) CoI
LaCoO3 CoI CoI
B LaCoO3
3.4
LaCoO3 Co CoI ∆= 140 K g = 3.35
CoII ∆= 220–250 K g = 1.9–2.0 ESR [16] CoI
CoI CoII 100 K
.
CoI CoI CoII
6
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4 La1−xSrxCoO3 (x ≤ 0.05)
– –
4.1
LaCoO3 La
3+ Sr2+ La1−xSrxCoO3 100 K
4.1 [22] Sr
Sr x ≤ 0.06
Sr
x = 0.2 4.2 Sr
x ∼0.18
4.3 Sr
x ∼0.2
[21]
4.4 Sr [42] x > 0.2
[32,54,55] Sr
Co4+ ( ) Co3+ ( )
[22, 42, 44, 56–58] Phelan [42] Co4+
Co3+ droplet model
Co3+ Co4+
Co3+ eg
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4.1: Temperature dependence of the magnetization at 20 Oe of La1−xSrxCoO3. Open
and solid symbols represent zero-field cooled (ZFC) and field cooled (FC) magnetizations,
respectively [22].
4.2: Magnetic phase diagram of
La1−xSrxCoO3 (0 ≤ x ≤0.5). SG, CG and
P represent spin-glass, cluster-glass and
paramagnetic phases, respectively [22].
4.3: Composition x dependence of the
saturation magnetization Ms, resistivity at
4.2 K and magnetic resistance [55].
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4.4: (a) Elastic scan along 0 0 L performed on single crystals of La1−xSrxCoO3 at
8 K. (b) The temperature dependence of the elastic neutron scattering intensity. The
composition x dependence of (c) the ferromagnetic correlation length and (d) the spin
freezing temeprature [42].
Sr Yamaguchi [3] La1−xSrxCoO3
x < 0.01 S = 10 ∼16 “magnetic polaron”
Podlesnyak [59] x ∼ 0.002 ESR NMR
LaCoO3 0.60 meV g 10 18
0.75 meV 7 Co “spin-state polarons”
La1−xSrxCoO3 Co
Co
LaCoO3 Co CoI CoII
LaCoO3
La1−xSrxCoO3
x ≤ 0.05 1 La
1 Sr 30 Co CoI CoII
Co (CoIII)
Co CoI CoII Sr
x = 0.05 Co CoIII
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4.5 2 mT (FC)
(ZFC) ZFC Sr x =
0.03 0.05
Tg x = 0.03 0.05 10 18 K
x = 0.05, Tg=15 K [54] x = 0.02
4.6 4.2 K 70 T La1−xSrxCoO3 x = 0.00
3 [25] Hc ∼= 60 T 6 T
. Sr x
(∆Mc) x = 0.05
x x
4.7 30 T Sr x 4.2 K
4.2 K 100 K
(∆Mt) x x = 0.05
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4.5: Temperature dependence of the magnetization of La1−xSrxCoO3 in a magnetic
field of 2 mT for zero-field cooled (ZFC) and field cooled (FC) specimens.
53
0.6
0.5
0.4
0.3
0.2
0.1
0.0
M
ag
ne
tiz
at
io
n 
(µ
B
/f.
u.
)
706050403020100
µ0H (T)
La1-xSrxCoO3
4.2 K
x = 0.05
x = 0.03
x = 0.02
x = 0.01
x = 0.00
∆Mc
4.6: High field magnetization curves of La1−xSrxCoO3 at 4.2 K.
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4.7: Temperature dependence of the magnetization at µ0H = 30 T.
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4.3
3 LaCoO3
2 Co CoI CoII [25]
Sr ∆Mc Hc
CoI Co
Hc CoI CoII
Co
Co CoIII Sr 0.01 ≤ x ≤0.03 3 Co
x = 0.05 ∆Mc ∆Mt ∆Mc CoI
∆Mc CoI
∆Mt CoI CoII x = 0.05
Co CoIII La1−xSrxCoO3
3 Co CoI, CoII, CoIII
CoI CoII
[25] [9,21]
E
(g)
i = 0, (4.1)
E
(e)
i (x,m) = ∆i(x)− giµBmH, (4.2)
i = I II CoI CoII ∆i gi g , m
CoI CoII S 1 Coi
X
(e)
i (x,m) = pi(x)ηi exp
{−E(e)i (x,m)/kBT}/Zi, (4.3)
Zi , ηi , pi(x) i Co
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Mi(x)
Mi(x) = giµB
m=S∑
m=−S
mX
(e)
i (x,m). (4.4)
gI = 3.35, gII =2, and ηI = ηII = 1
4.6 Sr 0.01 ≤ x ≤ 0.03 x = 0.00 x =
0.05
Co CoIII x = 0.05
MIII(x) = pIII(x)×MIII(0.05), (4.5)
pIII(x) Co CoIII pIII(0.05)=1 La1−xSrxCoO3
M(x)
M(x) =
∑
i=I, II, III
Mi(x). (4.6)
∆i i = I II pi(x) i = I, II III pI(x)+pII(x)+
pIII(x) = 1 3 LaCoO3
La1−xSrxCoO3
CoIII MIII
LaCoO3 CoIII MIII
4.2 K CoI CoIII CoII 70 T
∆I(x), pI(x), pIII(x)
4.8 Sr 10 T
CoI x = 0.00
x = 0.02 0.03
∆I CoII
30 T ∆II(x)
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4.1: Parameters for the excited magnetic spin state. ∆: energy; p: fraction. The
number in parenthesis represents the uncertainty in the last digits.
x CoI CoII CoIII
∆I pI ∆II pII pIII
(K) (K)
0.00 132(7) 0.097 200(20) 0.83(2) 0.07(2)
0.01 128(2) 0.059 170(35) 0.56(7) 0.38(7)
0.02 120(2) 0.036 190(35) 0.36(14) 0.60(14)
0.03 115(2) 0.020 150(40) 0.17(15) 0.81(15)
4.9 ∆Mt
4.2, 100, 200 K 4.10
Sr 4.11 4.1 Sr pI(x)
pII(x) pIII(x) pIII(x) x = 0 LaCoO3
CoIII pIII(x) x x = 0
4.10(a) x = 0 1
Sr 30 CoIII ∆I(x) ∆II(x) x
∆I(x) ∆II(x) x x = 0.2
( 4.7 (b) inset) x = 0.2
Sr [32,54,55]
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4.8: The magnetization curves at 4.2 K. Solid lines represent the magnetization calcu-
lated with eq. (4.6). The broken and dash-dotted lines represent the magnetizations of CoI
and CoIII(MI and MIII), respectively. The parameters for the calculated magnetizations
are shown in Table 4.1.
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4.9: Analysis of the magnetization at 30 T. Solid lines represent the magnetization
calculated with eq. (4.6). The broken, dotted, and dash-dotted lines represent the
magnetization of CoI, CoII, and CoIII, respectively. The parameters for the calculated
magnetizations are shown in Table 4.1.
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4.10: Magnetization curves of La1−xSrxCoO3 at 4.2, 100, and 200 K. Solid lines repre-
sent the calculated magnetizations according to eq. (4.6).
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4.11: x dependence of (a) the fraction and (b) the excitation energy for La1−xSrxCoO3.
The inset shows the extrapolation of x dependece of ∆I and ∆II.
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3 LaCoO3 2 Co CoI CoII
[25] La1−xSrxCoO3
La Sr 1 30 CoI CoII
Co CoIII CoI CoII Sr
LaCoO3 4.12
Co CoI CoII CoI Sr
La1−xSrxCoO3 LaCoO3
CoIII 30 CoIII
[3,59] Yamaguchi
x <0.01 S = 10 ∼15 “spin polarons”
[3] Podlesnyak x = 0.002 gS ∼ 15 µB/hole
7 Co “spin-state polarons” [59] 30
Co CoIII
Podlesnyak “spin-state polarons” S
CoIII
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30 T CoIII x
CoIII
2 mT x x ≥ 0.03
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4.12: Sr content dependence of the fraction pI/(pI + pII).
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5 LaCo1−xMxO3 ( M = Al, Ga,
Rh, Ir )
–Co3+ M3+
–
5.1
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[23, 24, 60] 5.1 M = Al, Ga, Rh
[23] M = Al 100 K
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Asai LaRhO3
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[24] Asai X
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5.1: Temperature dependence of the magnetic susceptibility of LaCo1−xMxO3. (a) M
= Al, (b) M = Ga, (c) M = Rh: , x = 0; , x = 0.04; , x = 0.08; , x = 0.19; ,
x = 0.50;
5.2: Magnetization curve of LaCo0.8Rh0.2O3. The dotted line represents the linear fit
of the observed data above 6 T.
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5.3: (Color online) Composition dependences of (a) the lattice constant a, (b) the
rhombohedral angle α, and (c) the volume V for the R3¯c unit cell of LaCo1−xMxO3 (M
= Al, Ga, Rh, and Ir).
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5.4: (a) Field dependence of the magnetization per chemical formula unit of
LaCo1−xAlxO3 at 4.2 K and (b) the derivative dM/d(µ0H). The solid lines in (a) represent
the fitted magnetization (see text).
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5.5: (a) Field dependence of the magnetization per chemical formula unit of
LaCo1−xGaxO3 at 4.2 K and (b) the derivative dM/d(µ0H). The solid lines in (a) repre-
sent the fitted magnetization (see text).
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5.6: (a) Field dependence of the magnetization per chemical formula unit of
LaCo1−xRhxO3 at 4.2 K and (b) the derivative dM/d(µ0H). The magnetization of
La0.95Sr0.05CoO3 is shown for comparison [26]. The dotted-lines in (b) represent fitted
Lorentzian curves for dM/d(µ0H) (see text).
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5.7: (a) Field dependence of the magnetization per chemical formula unit of
LaCo1−xIrxO3 at 4.2 K and (b) the derivative dM/d(µ0H). The dotted-lines in (b) rep-
resent fitted Lorentzian curves for dM/d(µ0H) (see text).
74
5.3
LaCoO3 LaCo1−xMxO3 (M = Al, Ga, Rh, Ir)
LaCoO3 Co CoI CoII
CoI gI = 3.35 ∆I ∼140 K CoII gII = 2.0 ∆II ∼220 K [25]
g ∆ g 3 3.4 CoI S
= 1 m = 1 S = 0 µ0H = 60 T
CoII
4.2 K
CoI M = Al Ga LaCoO3 CoI
M = Rh Ir
La1−xSrxCoO3 CoI CoIII
CoIII [26] La1−xSrxCoO3
CoIII
5.3.1 4.2 K LaCo1−xMxO3
M = Al Ga
CoI H m
EI(x,m) = ∆I(x)− gIµBmH, (5.1)
∆I(x) H = 0
m
XI(x,m) = pI(x)ηI exp
{−EI(x,m)/kBT}/ZI, (5.2)
ZI = 1 + ηI
SI∑
m=−SI
exp
{−EI(x,m)/kBT}, (5.3)
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pI(x) Co CoI ηI
CoI MI(x)
MI(x) = gIµB
SI∑
m=−SI
mXI(x,m). (5.4)
SI = 1, gI = 3.35, ηI = 1
Mimp = µ0χimpH
∆I(x), pI(x), χimp ∆II(x) 5.3.2
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5.8: x dependences of (a) the energies ∆I and ∆II, and (b) the fraction pI for
LaCo1−xMxO3 (M = Al and Ga).
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5.9: x dependences of (a) the energies ∆0I and ∆II, and (b) the width w for
LaCo1−xMxO3 (M = Rh and Ir). The energies for La1−xSrxCoO3 are shown in (a) for
comparison [26].
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5.10: Field dependences of the magnetization at 4.2 K for LaCo1−xRhxO3 with (a) x =
0.01, (b) x = 0.02, (c) x = 0.03, and (d) x = 0.05. The solid lines represent the calculated
total magnetization. The broken and dash-dotted lines represent the magnetizations of
CoI and CoIII, respectively.
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5.11: Field dependences of the magnetization at 4.2 K for LaCo1−xIrxO3 with (a) x =
0.01, (b) x = 0.02, (c) x = 0.03, and (d) x = 0.04. The solid lines represent the calculated
total magnetization. The broken and dash-dotted lines represent the magnetizations of
CoI and CoIII, respectively.
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5.13: Temperature dependences of the magnetization at 7 T for LaCo1−xAlxO3 with
(a) x = 0.002 and (b) x = 0.004. Solid lines represent the calculated total magnetization
with the fitted parameter ∆II(x). The broken, dotted, and dash-dotted lines represent the
magnetizations of CoI, CoII, and Mimp, respectively.
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5.14: Temperature dependences of the magnetization at 7 T for LaCo1−xGaxO3 with
(a) x = 0.01, (b) x = 0.02, (c) x = 0.03, and (d) x = 0.05. Solid lines represent the
calculated total magnetization with the fitted parameter ∆II(x). The broken, dotted, and
dash-dotted lines represent the magnetizations of CoI, CoII, and Mimp, respectively.
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5.15: (Color online) Temperature dependences of the magnetization at 7 T for
LaCo1−xRhxO3 with (a) x = 0.01, (b) x = 0.02, (c) x = 0.03, and (d) x = 0.05. Solid
lines represent the calculated total magnetization with the fitted parameter ∆II(x). The
broken, dotted, and dash-dotted lines represent the magnetizations of CoI, CoII, and CoIII,
respectively.
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5.16: (Color online) Temperature dependences of the magnetization at 7 T for
LaCo1−xIrxO3 with (a) x = 0.01, (b) x = 0.02, (c) x = 0.03, and (d) x = 0.04. Solid
lines represent the calculated total magnetization with the fitted parameter ∆II(x). The
broken, dotted, and dash-dotted lines represent the magnetizations of CoI, CoII, and CoIII,
respectively.
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5.17: Lattice volume dependences of the excitation energies ∆I (full symbols) and ∆II
(open symbols).
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5.18: (a) Temperature dependences of the magnetizations at 7 T for LaCo0.9Rh0.1O3,
LaCo0.94Ir0.06O3, and La0.95Sr0.05CoO3. Solid lines represent the calculated magnetizations
of the free ions with g = 3.35, s =1 and g = 2, s =1. (b) Temperature dependences of
the inverse susceptibilities (1/χ). The broken lines represent the fitted 1/χ above 100 K.
91
5.5
LaCo1−xMxO3 M = Al Ga CoI CoII M = Rh Ir
CoIII CoI CoII
CoIII M = Rh Ir ∆I x
CoI CoIII CoI
CoII
CoIII
La1−xSrxCoO3 M = Rh Ir CoIII
La1−xSrxCoO3
92
6 LaCoO3
3 LaCoO3 2 Co CoI CoII
[25] 2 Co
LaCoO3
CoI CoII
6.1
CoI 8 15%
Co
2
1.
2.
1 2 8 15%
1 Co 3
CoI pI 0.08 0.14
B
pI
CoI CoII
La1−xSrxCoO3 Co
93
La1−xSrxCoO3
Harada [53]
pI CoI
2 Co
5 La1−xSrxCoO3 La3+ Sr2+
CoI CoII Co
CoI
LaCo1−xTexO3 [64]
LaCo1−xIrxO3
[65]
CoI
6.2
Co LaCoO3 CoI
CoII ESR g CoI
3 [16,17,19]
Co3+
1 Kyoˆmen
[19]
Kn´ızˇek Generalized gradient approximation (GGA) + U
3
60 T CoI Co 15% [25]
Co
94
1) 2)
Co
Sen˜ar´ıs-Rodr´ıguez Goodenough 110 < T < 350 K
[66]
Altarawneh 6.1
µ0Hc1 ∼60 T µ0Hc2 ∼70 T
spin texture model [67] Hc1
Hc2 Co J2 J2
µ0Hc2 = µ0Hc1 + 10 T
5 LaCo1−xMxO3 M =
Rh Ir µ0Hc1 ∼30 T 2
J2 Rh 2
3 LaCoO3 67 T
3.3 20 ∼40 K 2
100 K
[4,11,14,15] LaCoO3
CoI
15% CoII 100 K
LaCoO3
Co3+ Co3+
3
Co3+ [19, 63]
Co3+
CoI pI
Co3+
95
6.1: (a) The red curve is the predicted normalized magnetization curve based on the
spin texture model. The scaled green curve is the measured. (b) Predicted spin texture
structures for each magnetization plateau.
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7.1: Temperature dependence of (a) the
anomalous part of the thermal ex-
pansion and (b) the effective Bohr
magneton numbers [4].
7.2: Temperature dependence of the ef-
fective elastic constants for (a) lon-
gitudinal and (b) transverse sounds
propagateing along [111]R in single
domain and [111]c in multi domain
[11].
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7.3: Parallel and perpendicular magnetostriction isotherms of La0.5Sr0.5CoO3 at se-
lected temperatures [71].
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7.4: Time evolutions of (a) transverse, λ⊥, and (b) longitudinal, λ‖, magnetostrictions
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7.6: Temperature dependence of the volume magnetostrition ω at 22 T (open circle).
Solid, short-dotted, and dot-dashed lines represent the calculated ones in cases I-1, II-1,
and II-2, respectively (see Table 7.1).
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x0 = exp(−E0/kBT )/Z (7.5)
x1m = η exp(−E1m/kBT )/Z (7.6)
x1 =
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x1m. (7.7)
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ω(H) = Q(H)−Q(0). (7.8)
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7.1: Parameters for the excited spin-state. ∆1: energy, Q1: optimum volume, η: orbital
degeneracy, and g: g-factor. ∆1 and Q1 are fitted parameters with assumed values of η
and g.
∆1 (K) Q1 η g
case I 140 0.009 1 3.35
case II-1 150 0.0125 3 2
case II-2 240 0.0125 3 2
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Z
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Case I-1,II-1 II-2 ( 7.7) Case I-1 Noguchi [16]
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7.7: Temperature dependence of the magnetization at 22 T (open circle). Solid, dotted,
and dot-dashed lines represent ones calculated based on the models (See Table 7.1).
106
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xi =
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ηi exp(−Eim/kBT )/Zi . (7.15)
H
ωi(H) = Q(H)−Q(0) (7.16)
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ω(H) = pIωI(H) + pIIωII(H) (7.17)
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M = MI +MII (7.19)
22 T 7.8 ∆I = 135 K gI
= 3.35 pI = 0.15 ∆II = 220 K gI = 2.1 pII = 0.85 ηI = ηI = 1
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7.8: Temperature dependence of the magnetization at 22 T (open circle). Solid lines
represent the magnetization calculated with eq. (7.19). Short-dotted and dot-dashed lines
represent the magnetization CoI and CoII, respectively.
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7.9: Temperature dependence of the volume magnetostrition at 22 T (open circle).
Solid lines represent the volume magnetostriction calculated with eq. (7.17). Short-dotted
and dot-dashed lines represent the volume magnetostriction CoI and CoII, respectively.
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7.2: Parameters for the excited spin-state. ∆: energy, Q: optimum volume, η: orbital
degeneracy, and g: g-factor, ξ: elastic modulus,p: fraction . Q are fitted parameters with
assumed values of η and g.
∆ (K) Q η g ξ (103 K) p
CoI 135 0.05 1 3.35 420 0.15
CoII 220 0.012 1 2.1 420 0.85
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A.1: The magnetization curve at 25 K.
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B.1: The X-ray powder diffraction profiles for LaCoO3 with various firing temperatures.
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B.2: The magnetization curves of LaCoO3 up to 7 T at 4.2 K.
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B.3: Temperature dependence of the magnetization of LaCoO3 in a magnetic field of
7 T.
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B.4: The magnetization curves of LaCoO3 up to 67 T at 4.2 K. Solid lines represent the
calculated total magnetization. The broken and dash-dotted lines represent the magne-
tizations of CoI and Cos, respectively. The parameters for the calculated magnetizations
are shown in Table B.1.
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B.5: Analysis of the magnetization at 7 T. Solid lines represent the calculated total
magnetization. The broken, dotted, and dash-dotted lines represent the magnetization
of CoI, CoII, and Cos, respectively. The parameters for the calculated magnetizations are
shown in Table B.1.
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B.1: Parameters for the excited magnetic spin state. ∆: energy; p: fraction.
grain size (nm) CoI CoII Cos
∆I pI ∆II pII ps
(K) (K)
55 - - - - 1
60 130 180 0.048 0.297 0.655
80 134 180 0.072 0.643 0.285
140 136 200 0.090 0.782 0.128
500 138 200 0.093 0.832 0.075
1600 136 200 0.101 0.791 0.108
129
CC.1
C.1.1
7 LaCoO3 [28]
LaCoO3
La0.9Sr0.1CoO3
La0.9Sr0.1CoO3 [111]c LaCoO3
[100]c
[100]c [111]c
3
C.1.2
LaCoO3
LaCoO3 Orlovskaya
[73] LaCoO3
X
130
C.1: Stress-strain curve of polycrystalline La0.8Ca0.2CoO3 obtained under compression
[73]. The index is expressed with rhombohedral structure.
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C.2: Schematic representation of twin deformation.
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C.3: Magnetostriction of an ordered Fe3Pt [78].
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C.4: Field dependence of the magnetization at (a) 4.2 K and (b) various temperatures.
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C.5: Temperature dependence of the magnetization at 20 T.
136
C.6(a) C.6(b) 4.2 125 K [111]c
C.6(c) 4.2 K
125 K
2 1
( C.6(b)) 60 K
2 LaCoO3
C.7 4.2 125 K [111]c
C.8(a) C.8(b) 4.2 125 K [100]c
[100]c
4.2 K
[111]c 3 C.9 4.2 125 K
[111]c
C.10 35 T [111]c [100]c [111]c
[111]c
100 K [100]c
40 K
[100]c C.5
137
0.30
0.20
0.10
0.00
λ //
 
×
 1
03
(a) 
µ0H // [111]
4.2K
6
4
2
0
λ //
 
×
 1
03
(b)
µ0H// [111]
125K
1st
2nd
3rd
40
30
20
10
0
-10M
ag
ne
tic
 fi
ed
l (
T)
302520151050
Time (msec)
(c)
C.6: Time evolutions of λ‖ along [111]c at (a) 4.2 K and (b) 125 K, and (c) the magnetic
field. The vertical bar shows the time at the maximum applied magnetic field.
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C.7: Magnetic field dependence of the longitudinal magnetostriction along [111]c at
(a) 4.2 K and (b) 125 K.
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C.8: Time evolutions of λ‖ along [100]c at (a) 4.2 K and (b) 125 K, and (c) the magnetic
field. The vertical bar shows the time at the maximum applied magnetic field.
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C.9: Magnetic field dependence of the longitudinal magnetostriction along [100]c at
(a) 4.2 K and (b) 125 K.
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C.10: Temperature dependence of the longitudinal magnetostriction along [100]c and
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C.12: Pictures of the (111)c surface by observed differential interference microscope
(a) before and (b) after applied magnetic field at room temperature.
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C.13: A picture of the (111)c surface observed by (a) differential interference microscope
and (b) laser microscope.
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C.14: The ruggedness of the (111)c surface measured by laser microscope.
12x103
10
8
6
4
2
0
In
te
ns
ity
 (c
ps
)
24232221201918
θ (deg.)
2θ = 41.3°
2θ = 40.7°
0.33°
1.40°
10x103
8
6
4
2
0
In
te
ns
ity
 (c
ps
)
42.041.541.040.540.0
2θ (deg.)
(a)
[111]c
[111]c
[111]c
[111]c
2θ = 40.7°
2θ = 41.3°
C.15: The X-ray diraction of (a) 2θ − θ scan and (b) θ scan.
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